In order to provide realistic data for air pollution inventories and source apportionment at airports, the morphology and composition of ultrafine particles (UFP) in aircraft engine exhaust were measured and characterized. For this purpose, two independent measurement techniques were employed to collect emissions during normal takeoff and landing operations at Brisbane Airport, Australia. PM 1 emissions in the airfield were collected on filters and analyzed using the particle-induced X-ray emission (PIXE) technique. Morphological and 1 Telephone: +61 7 3138 2616, e-mail: l.morawska@qut.edu.au S2 compositional analyses of individual ultrafine particles in aircraft plumes were performed on silicon nitride membrane grids using transmission electron microscopy (TEM) combined with energy-dispersive X-ray microanalysis (EDX). TEM results showed that the deposited particles were in the range of 5 to 100 nm in diameter, had semisolid spherical shapes and were dominant in the nucleation mode (18 -20 nm) . The EDX analysis showed the main elements in the nucleation particles were C, O, S and Cl. The PIXE analysis of the airfield samples was generally in agreement with the EDX in detecting S, Cl, K, Fe and Si in the particles. The results of this study provide important scientific information on the toxicity of aircraft exhaust and their impact on local air quality.
Introduction
The toxicity of aircraft exhaust particles depends on their chemical composition, and therefore, its characterization is essential in such environments, in order to assess their potential health effects. An understanding of chemical composition is also necessary for source apportionment analysis at or near the airport and for developing air pollution inventories.
Particles which are directly emitted from aircraft engines contain primary carbonaceous particles, as a result of the incomplete combustion of fuel, and also non-volatile organic compounds. Over 90% of the organic particle mass from aircraft engines could be from the lubrication oil 1 . Previous studies reported that aircraft engine particle emissions during takeoff and landing were predominantly in the ultrafine size range and contained both nucleation and accumulation mode particles, 4 to 100 nm, at a distance of 60 to 80 m downwind from the moving aircraft. The total particle number concentrations in the aircraft plumes were reported to be of the order of 10 6 m -3 under these conditions, and the fractional contribution of nucleation and accumulation modes to particle number concentrations were more than 90% and less than 1%, respectively, for most types of aircraft 2 . In contrast, aircraft ground movements generate larger particles from aircraft tire wear or turbulence, especially during landing and takeoff. A review article on the non-exhaust particles from road traffic concluded that particles generated as a result of brake wear are mainly between 1 and 10μm 3 .
It is also pointed out in the European Environmental Agency emission inventory guidebook, prepared for the United Nations Economic Commission for Europe (UNECE) convention, that tire wear particles for vehicles have two modes, consisting of particles smaller than 1 μm, as well as larger than 7μm 4 . Therefore, assuming that equivalent data for road vehicles can S3 be used for aircraft studies, due to the lack of data for aircraft brakes or tires, the non-exhaust particles generated from vehicle and aircraft movements in the airfield are considered to be mainly larger than 1 μm. Solid non-volatile metallic particles are also emitted from aircraft engines as a result of engine erosion and also due to metal impurities in the fuel 5 .
A range of elements were reported in the PM 2.5 samples collected from four commercial aircraft engines on a testing pad, where Al, S, Mn, Si, Fe, Cr and Mg had the larger abundances, and the authors concluded from their ion analysis that most of the sulfur on the filter exists as sulfate 6 . In another study, Mg, Al, Si, S, K, Ca, Fe, and Ba were reported in significant concentrations in the 24-hr PM 2.5 samples, collected close to the runways and at nearby community locations at two Californian airports. S was found to have the highest concentration and was attributed to the emissions from vehicular and aircraft traffic 7 . As part of the Aircraft Particle Emissions eXperiment (APEX) study, elemental composition and water-soluble ions in particle emissions, in terms of PM 2.5 in the exhaust of seven turbofan aircraft engines, were analyzed using X-ray fluorescence (XRF) spectroscopy. A range of elements were detected in these samples including Mg, S, Ca, Fe, Zn, In, I, Si, Cl, Cr, Ni, Br, Sb, P, K, Mn, Cu. Ag and Te. S had the highest abundance and these results were related to the finding that SO 4 -2 was the largest single component in the total ion (range 53-72%). The detected trace elements were thought to come from fuel impurities, lubricating oils, engine wear, sampling lines and dust, without further discussions on their origin 8, 9 . Lelièvre et al. conducted gas and particle measurements at Paris Charles de Gaulle airport, as part of the AIRPUR study 10 . They collected transmission electron microscopy (TEM) samples near runways. Analysis of the samples showed the presence of a soot mode (20-40 nm) and trace elements, including S, Si, Fe, Ca, Mg and K. These findings were presented without mentioning the types of aircraft and the distance of the sampling location from the runway, which is significant in relation to plume dispersion. In another study, TEM samples were collected from a gas turbine engine operated under cruise conditions in the laboratory and the morphology and sizes of the sampled soot particles were identified as agglomerates of spherical particles in the 20-50 nm size range 11 .
Results for ground based and in-flight measurements from a research aircraft (ATTAS) showed that non-volatile fraction of aircraft particle emissions with diameters larger than 14 nm can be interpreted as black carbon 12 . However, this paper did not present any detailed discussions on the shape and morphology of these particles. In another study, aircraft residual S4 particles larger than 100nm from evaporated ice crystals were sampled 10km behind a commercial aircraft and analyzed using a scanning electron microscope (SEM) equipped with a windowless energy-dispersive X-ray detector 13 . Major elements in the contrail and cirrus residuals were identified as C, O, Si, S, and the metallic elements Fe, Cr and Ni. However the images of the sampled particles in the paper were of poor quality and the actual shape and structure could not be discerned. SULFUR experiments to determine aerosol and contrail formation in the aircraft engine exhaust for different fuel sulfur content (FSC), flight conditions and aircraft engine type found that the number of volatile particles in the aircraft engine exhaust is 100 to 1000 times larger than soot particles 14 . The sizes of these volatile particles were reported to be larger than 1.5 nm and were dependent on plume age, the amount of sulfuric acid present and the condensable organic matter. However no analysis of the morphology of these particles was presented.
The previous studies were mostly focused on PM 2.5 and were conducted under controlled or in-flight conditions. The review presented above shows how little scientific knowledge is available on the chemical composition and toxicity of ultrafine particle emissions in aircraft engine exhaust during real-world conditions and their impact on local air quality. This motivated our research, in which two different analytical methods, requiring different sampling methodologies, were employed to determine the chemical composition of PM 1 in the airfield, as well as the morphology of aircraft engine exhaust ultrafine particles during normal landing and takeoff operations. Filter samples were collected on the side of the runway at Brisbane Airport, Australia to quantify elemental composition of PM 1 in the airfield using particle-induced X-ray emission (PIXE). Further, the size distribution and shape of UFPs in the aircraft exhaust was determined by examination of particles collected on thin films using TEM, and the composition of individual ultrafine particles was analyzed by energy-dispersive X-ray microanalysis (EDX) in the TEM. This provided data to complement the results from the PIXE analyses, which gave the overall composition of the mass of particle matter collected on the filters.
Experimental
Measurements of particle emissions were conducted in July and August 2009 at Brisbane Airport, which is one of fastest growing airports in Australia (18.9 million passengers and about 180,000 aircraft movements in 2008/09) 15 . Two different sampling methodologies were designed and used for these measurements: (a) the first set of samples was collected in
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July 2009 to investigate the overall elemental composition of particle emissions in the airfield using the PIXE technique; and (b) the second set of measurements were conducted to determine the size distribution, morphology and composition of UFPs in the aircraft exhaust during normal landing and takeoff using TEM, with a focus on nucleation mode particles.
The measured TEM size distribution in this study was validated by the corresponding size distributions measured by the scanning mobility particle sizer (SMPS) in our previous study 2 . The sampling design criteria and methodology for each technique are described in the following subsections.
PIXE
Two identical measurement setups were developed and used to collect simultaneous PM 1 samples for PIXE analysis two at fixed locations: (a) within the airfield and (b) outside the 
TEM
Low stress Silicon Nitride (Si 3 N 4 ) Membrane Window TEM grids, with 200 µm frame thickness and a 30 nm thick, 0.5 mm wide central window were used in this study (SPI Inc. USA). An advantage of using silicon nitride membrane grids is their low contrast with S6 particle samples. In addition, these grids contain no carbon (C), which makes them very applicable for analyses of aircraft emission particles, since the main combustion elements are C and sulfur (S). A TSI Nanometer Aerosol Sampler (Model 3089), with a flow rate of 1 lpm, was utilized in this study to sample UFP emissions in the aircraft exhaust onto the TEM grids.
In order to obtain enough material deposited on the TEM grids, the sampling setup was positioned on the side of the runway at Brisbane Airport, at a distance of 70 m downwind from the moving aircraft during takeoff and landing. This was the closest distance to the runway that the sampling setup could be positioned according to airport security requirements. The sampler was powered using an electrical generator and the sampling inlet was located 170 cm above the ground. Sampling started from the moment the aircraft touched down for landing until it moved into taxiing mode or from when it started accelerating for takeoff until it completely took off from the ground (up to 1 min). Since the movement of Boeing 737's (B737) were the most frequent at Brisbane Airport compared to other types of large commercial aircraft, the B737 exhaust was chosen for TEM analysis 16 . In the context of the TEM analysis, the background sample (BG) was collected from the same location as the aircraft exhaust samples, but at a time when there was no takeoff or landing under way.
Nevertheless, other aircraft were still operating in the airfield during sample collection, including idling and taxiing activities. The methodology for compositional and morphological analysis of the grids using TEM and energy-dispersive X-ray microanalysis (EDX) are available in the Supporting Information (section II).
Results and Discussions
Results of the PIXE and TEM analyses are detailed separately in the following subsections.
PIXE

Elemental analysis of PM 1 in the airfield
In total, 5 airfield samples (named A to E) and 5 concurrent samples at the background location outside the airfield were included in the analysis. The samples were collected from 9 -29 July 2009 and the sampled air volume through the filters ranged from 48 to 73 m 3 . PIXE analysis of the airfield and background samples showed the presence of F, Na, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr and Pb. The background S7 concentrations were subtracted from the airfield samples, which showed similar amounts of Na, F and P in both airfield and background samples and these elements were therefore excluded from the analysis and further discussions. The PIXE results in this study showed that Si, Cl, Fe and S were the dominant elements detected in airfield samples. A review paper on the properties of non-exhaust particles from road traffic reported the existence of a range of elements in vehicular tire wear, including Ba, Cd, Co, Cr, K, Mn, Na, Ni, Pb, Sb and Sr, with Al, Ca, Cu, Fe, Ti and Zn being the dominant . Cl was present in the aerosol samples in significant amounts, but does not appear to be related to Na + (i.e. from NaCl). Rather, the Cl in the samples can be related to lubrication oils, some soluble component in the form of Cl -and organic ions in aircraft engine combustor soot 17 , and the presence of Cl species such as HCl, molecular Cl and hypochlorous acid in marine air 9, 19, 20 .
TEM
On 3 August 2009, a total of four samples from B737 aircraft exhaust were collected on TEM grids, as well as one background sample. Three samples were taken from the aircraft exhaust during takeoff and one during landing. All the aircraft exhaust samples were taken from a single takeoff or landing activity (named as Grids 1 to 3), except for Grid 4, where the exhaust from four individual B737 takeoffs was sampled.
The silicon nitride membrane window TEM grids used in this study proved to be very fragile and the thin films would often tear following collection and handling. This made the analyses very difficult and meant that only a portion of the particles collected on the films could be observed and analyzed. The dimensions of a total of 526 particles were measured from electron micrographs, and the elemental composition of 65 particles was analyzed directly using EDX in the TEM.
Morphology and size distribution of aircraft exhaust emissions
The particle material collected on the TEM grids was observed to consist of a fine coating of numerous small round deposits or 'particles', typically about 10 -50nm in diameter, together with a much smaller number of discrete solid particles and a few larger angular or elongated particles. Figure 2 (a -f) shows TEM images from a control silicon nitride film which was not exposed to the aerosols (blank sample), and from thin films on which particles were collected. The images include a few irregular solid particles, which are indicated by white arrows. The appearance of the round deposits is consistent with nucleation mode particles 21 .
The round deposits were also present in the background sample, but not on the blank film (Figure 2a ), indicating that they were deposited during the collection process. The particles observed in the TEM were in the approximate range of 5 to 100 nm in diameter, and the density of the round particles on the films was high. A few particle clusters, and some deposits exceeding 100 nm were also seen (not shown in Figure 2 ), many of which appeared to be dried droplets. The clusters were similar to the combustion particle structures reported using SEM by Petzold et al. for contrail particles larger than 100nm, which were collected behind a commercial aircraft 13 . These authors observed small clusters of particles with diameters between 100 and 200 nm.
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The dimensions of a large number of particles on the films were individually measured from micrographs, and the calculated mean equivalent diameters (diameter of a circle with the same projected area as the particles), median equivalent diameters and aspect ratios are S10 summarized in Table 1 . Most of the measured particles were round deposits; however measurements of 72 discrete particles were also made. These particles tended to be more irregular in shape, thus resulting in a larger average aspect ratio when all particles were included. It should be noted that the deposits in the nucleation mode were by far the most dominant particles and that the smallest deposits could not be measured properly, since the contrast was too low to distinguish their perimeters. On the other hand, the discrete particles were generally more clearly defined and their sizes could be measured to below 10 nm. In Figure 2e , the round deposits are presented with the specimen tilted, showing that they are dome-shaped and relatively flat. Their shape suggests that they were formed by impact of spherical semisolid aerosols onto the film which flattened upon impact, and hence their observed diameter will be larger than that of the impacting aerosol particle. Based on these considerations, it was possible to correct for the flattening to estimate the original spherical particle sizes, as they would be measured by the SMPS. Details on the corrections for aerosol flattening calculation are available in the Supporting Information file (section III).
In order to assess and validate the derived particle size distributions using TEM, they were compared against the SMPS results for aircraft engine exhaust emissions during landing and takeoff. Figure 3 shows the size distribution of the particles collected on the grids, both before and after correction for flattening, with the area between the two corrected boundaries .
Figure 3: Size distribution of particle equivalent diameters for all B737 takeoff and landing samples using TEM, along with particle number size distributions obtained using SMPS 2 . The grey shaded area shows the boundary of the TEM size distributions, which were corrected for flattening.
Compositional analysis of aircraft exhaust emissions
Analyses were carried out for individual particles on the film, including the round deposits.
Because of the very small masses of the particles, the X-ray peaks from the samples were usually very small and counting times of >100 s were used. Relatively volatile components, S12 such as hydrocarbon residues, were expected to be lost in the high vacuum of the TEM (about 10 -5 Pa) and would not be observed in the TEM. Some particles were observed to disintegrate under the beam, showing that many were relatively volatile under these conditions, and such analyses were discontinued. Similar beam damage effects were reported in TEM analyses of diesel vehicle exhaust particles 22 . The angular particles showed brief diffraction patterns, suggesting that they were crystalline salts; however they were highly sensitive to the electron beam and could only be analyzed for several seconds before disintegrating. Radiation damage to samples due to exposure to a high energy electron beam is a well known phenomenon, and certain types of samples such as organic materials and halides are known to be especially susceptible 23 . Therefore quantitative elemental analysis of these TEM samples was not meaningful, and hence only the detected elements in the particles are reported in this paper. Figure 4 is an X-ray spectrum from a round nucleation mode particle in Figure 2e and shows small peaks from C, O, S and Cl in the sample. In some analyses from similar particles, a small peak from K was also seen. The presence of K + in aircraft engine combustor soot was also reported by Popovicheva et al.
17
. These were the only elements detected in the fine round deposits on the films. The element peaks were small mainly because of the extremely low mass of these deposits, especially in the nucleation mode size range. It was observed that the deposits retained their basic morphology when analyzed in TEM (microprobe) mode, but suffered major beam damage when a very fine probe was used for analysis in scanning transmission (STEM) mode. Hence, it is very likely that some element loss had occurred during the analyses, resulting in very small X-ray peaks from the residual material after exposure to the focused beam.
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Figure 4: An EDX spectrum from a small round nucleation mode particle in Fig. 2(e) . The N and Si peaks are from the substrate, and the Cu and Fe are from the instrument. The large peak at 0 keV is a noise peak.
Analyses of a number of discrete particles on the films showed a greater range of elements than those detected in the round particles. TEM images of several particles and their associated X-ray spectra are shown in Figure 5 . The composition of these particles varied greatly, however they were found to contain one or more additional elements, including Na, Al, Si, Ca, Ti, Cr, Fe, Co, Ni, Cu, Zn and Pb. S14 
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The particles collected as the background (BG) were found to contain small amounts of K, Cl, S, O and in one case, C, with K found to be the most common element. The particles analyzed from the TEM grid collected from a landing (Grid 3) generally contained some or all of the background elements, together with the additional elements Ca, Na, Mg and C. A deposit on the landing film, approximately 100 × 150 nm in size, was found to contain high levels of Fe, Cr, Ni and Cu, together with O and C. Similarly, the particles on Grids 1, 2 and 4, collected during a number of different takeoff events, usually exhibited some or all of the elements observed in the background sample (K, Cl, S and O), but also contained C, Na, Ca, Fe, and in a few cases, Si. Two particles, 10 and 30 nm in diameter, were found to contain Cu after correction for the background contribution, and one 60 nm particle contained both Cu and Zn (Figure 5a ). Some irregular deposits ~300 nm in size found on Grid 4 (4 takeoffs) showed a range of metallic elements including Si, Cu, Co, Fe, Zn, Cr, Ni, Ti and Pb. The elements K, S and Cl were frequently encountered in the particle analyses, as the water . In daylight these may break down to atomic Cl which will react with any available volatile organic compounds (VOC's). Aircraft engine emissions are the major source of VOC's at the airport, and it is therefore possible that the Cl observed in the particles is the result of such reactions.
The observed fine round deposits comprising the nucleation mode are consistent with ultrafine droplets of condensed organic compounds which impact on the TEM films during collection.
The EDX analyses of particles collected during takeoff and landing were similar and generally in agreement with the PIXE results. The detection of K, S and Cl in particles is consistent with the PIXE method, which measured the bulk PM 1 material collected from the airfield on the filters. The elements most commonly detected by PIXE (S, Cl, Fe and Si) were S16 detected by EDX in some particles in the landing and takeoff samples. The metallic elements in the TEM samples of landing and takeoff can originate from very fine engine wear debris mixed with a combustion product or the engine's lubricating oil. While most of the elements determined by PIXE were detected in at least one TEM analysis, some elements, such as Sr, were not detected in any particles. These may have been below the detection limits for the EDX method, or the particles containing these elements may not have been found, as TEM samples targeted only the aircraft exhaust before being widely dispersed in the air.
The significance of the results of this study lies in characterizing particle chemical composition in the airfield and morphology of aircraft exhaust UFP during normal aircraft landing and takeoff operations. The results for elemental composition of particles in this paper are generally in good agreement with similar previous studies at controlled or in-flight conditions [6] [7] [8] [9] [12] [13] [14] 19 . The morphological analysis in this paper found nucleation mode particles in the aircraft exhaust during landing and takeoff as round condensed volatile particles, which agree with similar analysis for combustion particles, for example research aircraft engine during controlled conditions and diesel emissions, but do not have the morphology of soot particles in clusters that are characteristic of larger combustion particles 14, 22 . While the study was conducted in Brisbane Airport, Australia, the outcomes of this work are applicable for toxicity analysis, as well as air pollution inventories and source apportionment, both at other Australian airports and internationally. 
III.
Corrections for Aerosol flattening.
IV.
Numerical data used to produce Figure 3 in the manuscript (Tables S1 and S2 ). 
I. Details on the PIXE measurement setup
Each measurement setup used a PM 1 Sharp Cut Cyclone -SCC-2.229 impactor 1 and a pump to draw the air into the impactor and the filter. Whatman Teflon filters (2µm PTFE), which did not require pretreatments, were used as the sampling medium and the sample inlet was set at a height of 170cm from the ground. The PM 1 cyclone sampling flow rate was 16.7 liters per minute (lpm) and was controlled using a critical orifice, in line with the pump and the filter holder. The housing for the measurement setup consisted of two compartments, one for the pump and one for the critical orifice and filter holder. A fan on the side of the pump compartment, as well as some air vents were provided to avoid excessive heat built up around the pump. The filter compartment had heat insulation to protect the sample from the pump or outside heat.
II. The methodology for compositional and morphological analysis of the TEM grids
Compositional and morphological analysis of the grids was performed for the aircraft exhaust, background and blank samples using a Philips CM200 200kV TEM at Queensland
University of Technology and a JEOL 2100 TEM at the University of Queensland. The nominal point-to-point spatial resolution of the instruments was approximately 0.3 and 0.2 nm, respectively. Particles were imaged using film or a slow scan CCD camera, and analyses of individual particles were conducted using energy-dispersive X-ray microanalysis (EDX) systems fitted to the instruments. For analysis, a fine electron beam was focused onto a particle. Analyses of the support membrane near the particles were also performed under S21 similar conditions. In terms of concentration, the element detection limits for these systems were about 0.1 weight % or 1000 ppm. However, the very small size of the particles meant that the emitted X-ray intensities were generally very low, and the X-ray spectra inevitably contained large Si and N peaks from the support membrane, as well as a Cu contribution from the microscope. To confirm the presence of elements in the particles, the X-ray spectra were compared to the spectra from the adjacent support membrane, when possible, or the membrane spectrum was subtracted from the particle spectrum. Because Si from the membrane was present in all spectra, its presence in the particles was difficult to confirm, however in a few spectra, it was possible to identify this element by subtraction of the membrane background. Figure S6 is a schematic comparing the diameter of a spherical particle with that of a flat deposit, approximated by a spherical cap, with the same volume as the particle. The observed diameter of the deposit, D, will be larger than that of an equivalent spherical particle of diameter d. The ratio of D/d can be calculated as a function of the height of the deposit, h, and its diameter. From the images obtained from the tilted samples, the ratio h/D was estimated to be roughly 0.15 to 0.2. For these ratios, it can be calculated that the observed diameter, D, will be 2.05 to 1.85 times the particle diameter, d, respectively. Thus, spherical aerosols that give rise to the observed deposits would be of the order of 18 -20 nm, S22 assuming that all the mass is transferred to the film. Based on these considerations, it was possible to correct for the flattening to estimate the original spherical particle sizes, as they would be measured by the SMPS.
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